Proton capture reaction is an important process concerning the astrophysical origin of the elements. In present work, we focus on giant dipole resonance (GDR) in proton capture reactions, such as
I. INTRODUCTION
Isovector giant dipole resonance (GDR), which can be considered as the oscillation between proton and neutron spheres, is one of the most pronounced features in the excitation of nuclei throughout the whole chart of nuclides [1] [2] [3] [4] [5] [6] [7] [8] . It provides the most reliable information about the structure and dynamic properties of the nuclear many-body system [9] , which makes it an effective probe in nuclear structure research. Many studies on the energy, width, structure and strength of GDR have been done both theoretically and experimentally during the past few decades.
The GDR peak energy is directly related to nuclear sizes and the nuclear equation of state especially the symmetry energy [10] . The GDR width, expressed as full width at half maximum (FWHM) of the resonance, consists of the Landau width, the spreading width, and the escape width [11] . The contribution to the FWHM comes from many factors such as the damping width [12] , the collisional width [13] , and the shape effect [9] . In hot nuclei, many studies on GDR have shown that the FWHM increases with both the angular momentum and the temperature [11] . On the one hand, at high angular momentum excitation states, the excited nucleus gets highly deformed, which results in the split of GDR peaks. At low angular momentum excitation states, due to the small deformations, the different GDR peaks cannot be identified individually and thus the overall FWHM of the GDR increases [9] . It is reported that the FWHM shows a significant increase only when the angular momentum reaches the threshold J ≥ 25 − 27 [14] . On the other hand, the temperature induces additional shape fluctua- * ygma@sinap.ac.cn † zhangguoqiang@sinap.ac.cn ‡ Present address: Institute of Modern Physics, Fudan University, Shanghai 200433, China tion in nucleus, which broadens the FWHM of the GDR [15] . It is commonly recognized that, at low temperature, T < 1.5 MeV, FWHM remains almost stable due to shells effect and thermal pairing effect [14] [15] [16] [17] [18] [19] , while at moderate temperature, 1.5 ≤ T ≤ 2.5 − 3 MeV, it increases sharply [14, 15, 20] . However, at high temperature, T ≥ 4 MeV, there still exists strong debates on whether the FWHM gets saturated or not [14, 21, 22] . By adding the pre-equilibrium γ emission, it was claimed that the GDR width does not get saturated at high temperature, while the recent measurement in 88 Mo at T ≥ 3 MeV and J > 40 does not show any significant effect of pre-equilibrium emission on the GDR width [14] .
There are several ways to excite the GDR mode, such as heavy ion collision [16, 22] , inelastic scattering [17, 19, 20] , and proton capture [23] [24] [25] [26] [27] etc. In previous publications, we have studied the collective resonances within transport models [7, [28] [29] [30] [31] [32] [33] , including pygmy dipole resonance (PDR) [28, 33] , giant dipole resonance (GDR) [28, 30, 32, 33] as well as giant monopole resonance (GMR) [29] by heavy ion collisions. In this article, we try to adopt the proton capture reaction to study the properties of GDR with the consideration that the proton beam is easily available and highly selective with energy continuously adjustable [34] . In addition, the proton projectile contributes to the dynamical isospin asymmetry of the system and increases isospin moment in the incident direction. Of course, proton capture is also an important process in nucleosynthesis which is the source of certain, naturally occurring, proton-rich isotopes of the elements from selenium to mercury [35] . It is then considered that proton capture reaction is a suitable way to study the excited GDR in different excitation by changing proton energy in this work.
The model we use is the extended quantum molecular dynamics model (EQMD) [7, 36] . Firstly, to test the reliability of our calculation, we study the dynamical evolution of the dipole moment of 27 Al(p, γ) 28 Si, extract the GDR spectra of 28 Si, and compare our results with the experimental data. Then, we extend our calcu- lations to the other three p + A reactions:
40 Ca, and 67 Co(p, γ) 68 Ni. The peak energies, the widths and the strengths of the GDR are investigated with the increase of the proton incident energy. In addition, we discuss the temperature dependence of the GDR width which is also compared with the data . Finally the conclusion is drawn.
II. MODEL AND FORMALISM
The EQMD model is based on the quantum molecular dynamics (QMD) model, which has given reasonable description on some aspects of dynamical properties of the nuclear many-body system. The EQMD model has already been successfully applied to calculate properties of GDR excited by direct boost [7] . We decide to extend the same model to calculate GDR in proton capture re- 
FIG. 2: (a) GDR parameters of
27 Al(p, γ) 28 Si with different final-state energies from Ref. [26] . The results of the peak energy and the strength are extracted from the gamma spectra data by Gaussian fitting, while the FWHM results are acquired directly from Ref. [26] . 
action.
The mean field adopted by EQMD consists of Skyrme potential, Coulomb potential, symmetry potential interaction, and Pauli potential [36] . With the dynamical variable width of Gaussian wave packets for each nucleon, EQMD model shows a great advantage in describing ground state properties such as binding energy, root mean square radius, and deformation over standard QMD model [7, [36] [37] [38] [39] . Together with the Pauli potential among nucleons, the EQMD model can provide more reasonable dynamical phase space of the many fermion system. We calculate the reactions event by event and use the macroscopic description of GDRs by the GoldhaberTeller model [40] to get the dipole moments of GDR in coordinate space D G (t) and momentum space K G (t) as follows [41, 42] :
where R Z (t) and R N (t) are the center of mass of protons and neutrons in coordinate space respectively, while P Z (t) and P N (t) are those in momentum space. Through the Fourier transformation of the second deviation of the dipole moments with respect to time, i.e.,
the gamma emission probability for energy E γ = ω can be obtained, i.e., 
III. RESULTS AND DISCUSSION
The calculation mainly consists of two steps, which are initialization and nucleon-nucleon collision, respectively. During the initialization step, we construct the target nuclei in the ground state using the EQMD model. For example, the experimental binding energy of 11 B is about 7.68A MeV, while our result is about 7.72A MeV, which is very close to the former.
In the collision step, we make protons with specific incident energy collide with the target nucleus. To separate from the effect of angular momentum excitation, the impact parameter is set to 0 fm. On the virtues of the good stability of the EQMD ground state, the compound nucleus formed by proton capture can survive during the GDR concerned time, with no nucleon emission. Here, we take about 700 fm/c for time evolution of the compound nucleus, which is long enough to cover the lifetime of GDR excitation. For each reaction at a certain energy, we have simulated 15000 events. One can get the dipole moments of GDR with Eq. (1). Figure 1(a) shows the calculated dipole moment of GDR in 27 Al(p, γ) 28 Si with proton energy of 50 MeV. The dipole moment starts from about 100 fm/c, which is the beginning of the fusion, and lasts about 300 fm/c, which corresponds with the lifetime of GDR excitation.
With Eq. (3) and (4), we can calculate the gamma emission probability. Then by Gaussian fitting to the γ spectra, the peak energy, strength, and FWHM of GDR can be extracted. Figure 1(b) shows the comparison of our calculated γ spectra with the experimental data of 27 Al(p, γ) 28 Si from Ref. [26] . Our calculation parameters are as follows: the incident energy (E p ) of the proton is 50 MeV; the impact parameter (b) is 0 fm. The final-state energy of the experimental data is 8.59 MeV. It can be seen that both the peak energy and the FWHM match pretty well. This indicates that our method to calculate GDR in proton capture reactions is reliable. We then perform a systematic calculation to investigate the GDR properties as a function of the proton energy and the results are shown in Fig. 2 and Fig. 3 .
In Fig. 2(b) , the calculated results of dipole of 27 Al(p, γ) 28 Si reactions are displayed. All the resonances center at approximately 19 MeV and show a decreasing trend with the increase of proton energy. Notably in the experimental data from Ref. [26] as shown in Fig. 2(a) , the peak energy of GDR has the similar behavior with the increase of the final-state energy (though not discussed in their literature). Similar results have also been observed in the calculation of Ref. [12] and Ref. [13] . This behaviour can be illustrated by the dipole frequency of GDR oscillation as shown in Fig. 4 where the dipole frequency tends to become slightly slower with the increase of incident energy. This indicates that at high excitation energies, the nucleus undergoes shape fluctuations, and the overall frequency turns slightly slower, resulting in Figure 3 shows these results. From Fig. 3 and Fig. 2(b) it can be seen that the peak energy decreases gradually as the mass number becomes larger in different reactions. Again, as the incident energy increases, the peak energies of all systems show the similar decreasing trend, however, the decreasing rates are different. The peak energy of 11 B(p, γ) 12 C has a decreasing rate of 7.3%, while the rates of 27 Al(p, γ) 28 Si, 39 K(p, γ) 40 Ca, and 67 Co(p, γ) 68 Ni are 9.4%, 7.7% and 0.5%, respectively. In Fig. 4 , another interesting phenomenon is that the lifetime of GDR grows larger as the mass number increases. The behavior of the strength is also consistent in different reactions. It first increases then decreases versus the proton energy.
The behavior of FWHM seems not similar to each other in different reactions. From the results shown in Fig. 2(b) , it can be seen that with the increase of incident energy, the FWHM of GDR in 27 Al(p, γ) 28 Si approximately increases from 8.5 MeV to 10 MeV. In the experimental data from Ref. [26] , the FWHM of GDR also shows an increasing trend with the increase of the final-state energy. This can be explained by the thermal shape fluctuations model (TSFM). In TSFM, an adiabatic coupling of the GDR vibration to the quadrupole deformation is assumed [43] . At high excitation energies (T > 1.5 MeV), the nucleus undergoes shape fluctuations. Thus the distribution of dipole frequency becomes wider. Since the GDR width is a weight average of all the frequencies, it will show an overall broadening [44] . The FWHM in 39 K(p, γ) 40 Ca shows a much clearer increasing trend as displayed in Fig. 3(b) . However, as for 11 B(p, γ) 12 C and 67 Co(p, γ) 68 Ni systems, the behavior of the FWHM becomes different. As Fig. 3(a) and Fig. 3(c) display, with the increase of incident energy, the FWHM of the two reactions remains almost unchanged or even shows a tiny decreasing trend. To understand this FWHM behaviour, the temperature of the system is taken into account. Here the temperatures of different reactions were extracted with the momentum fluctuation thermometer [45, 46] , i.e.,
where P x and P y are the momenta in the X and Y axes, respectively, of each particle, m 0 is the mass of a nucleon, and A is the mass number. As shown in Fig. 5 , the temperature of 67 Co(p, γ) 68 Ni system remains almost unchanged and below 1.5 MeV when the incident energy of the proton increases from 20 MeV to 90 MeV. In this region of temperature, due to shells and thermal pairing effect, the FWHM remains unchanged [14] . The increasing rate of temperature in different reactions might also be responsible for the decreasing rate of peak energy mentioned above. As the incident energy increases from 30 MeV to 60 MeV, the larger the increasing rate of temperature is, the larger the decreasing rate of peak energy will be.
It should be noted that for T < 1.5 MeV, the TSFM also fails to explain the experimental data [19, 44] . Pandit et al. [44] considered that there exists a critical temperature below which the GDR width should remain constant at ground state values, and that the thermal fluctuation only affects GDR width when it becomes greater than the intrinsic GDR fluctuation. As for 11 B(p, γ) 12 C, the FWHM also remains unchanged though the temperature increases significantly and is high above 1.5 MeV. This behavior indicates the saturation of GDR width for T > 4 MeV [14] .
The GDR width as a function of temperature has been displayed in Fig. 6 . Comparing our calculations with the experimental data, we can see that the EQMD model can essentially give good results for the excited systems by proton capture reactions in the mass region of A ∼ 12 to 68. However, it should be noted that the proton energy in our calculation is generally larger than that in the experimental data, which basically stems from an energy-minimum process to search for the ground state by the frictional cooling method in the initialization process. To reach the similar excitation energy as the data, the proton energies of our calculation are generally larger than those of the data. Besides, the process in the data contains strong gamma transitions. It is difficult to reproduce all details as experiment shows using the EQMD by now, which sheds light on further improvement in future for models. Another point is from the nearly unchanged temperature for the system of 67 Co(p, γ) 68 Ni, it indicates that proton capture is not the best method to excite GDR in the mass region A > 68. At this point, more work still needs to be done in the future.
IV. SUMMARY
In the present work, we have extended the EQMD model to calculate the giant dipole resonance for proton capture reactions. The comparison between the calculation results and the experimental data shows the reliability of this method. The properties of GDR parameters have been investigated through different reactions. It is found that with the increase of proton incident energy, though the peak energy of GDR centers at a certain energy related to the mass number of the compound nucleus, it also drops slightly. And the heavier the compound nucleus is, the smaller this decrease will be. The strength of the GDR first increases then decreases versus proton incident energy in our calculation. As for the FWHM, it is more directly related to the temperature of the system than to the proton energy. The calculated GDR width remains almost unchanged for T < 1.5 MeV and increases sharply with T within 1.5 MeV < T < 3.5
MeV, which is consistent with existing results. And our results for T > 4 MeV support the idea that the FWHM saturates at higher excitation.
